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Isolation and characterization of fluorophore-binding RNA
aptamers
Leslie A Holeman1, Sara L Robinson1, Jack W Szostak2 and Charles Wilson1
Background: In vitro selection has been shown previously to be a powerful
method for isolating nucleic acids with specific ligand-binding functions
(‘aptamers’). Given this capacity, we have sought to isolate RNA motifs that can
confer fluorescent labeling to tagged RNA transcripts, potentially allowing in
vivo detection and in vitro spectroscopic analysis of RNAs.
Results: Two aptamers that recognize the fluorophore sulforhodamine B were
isolated by the in vitro selection process. An unusually large motif of
approximately 60 nucleotides is responsible for binding in one RNA (SRB-2).
This motif consists of a three-way helical junction with two large, highly
conserved unpaired regions. Phosphorothioate mapping with an
iodoacetamide-tagged form of the ligand shows that these two regions make
close contacts with the fluorophore, suggesting that the two loops combine to
form separate halves of a binding pocket. The aptamer binds the fluorophore
with high affinity, recognizing both the planar aromatic ring system and a
negatively charged sulfonate, a rare example of anion recognition by RNA. An
aptamer (FB-1) that specifically binds fluorescein has also been isolated by
mutagenesis of a sulforhodamine aptamer followed by re-selection. In a simple
in vitro test, SRB-2 and FB-1 have been shown to discriminate between
sulforhodamine and fluorescein, specifically localizing each fluorophore to
beads tagged with the corresponding aptamer.
Conclusions: In addition to serving as a model system for understanding the
basis of RNA folding and function, these experiments demonstrate potential
applications for the aptamers in transcript double labeling or fluorescence
resonance energy transfer studies.
Introduction
The process of in vitro selection from random sequence
pools, also known as SELEX, has proven to be a powerful
tool for evolving RNAs and DNAs with well-defined bio-
chemical functions. This technique has been used exten-
sively to map the sequence constraints for biological
RNAs (e.g. identifying protein-binding determinants), to
evolve RNAs with altered or novel catalytic activities, and
to obtain molecules with highly specific ligand-binding
properties (aptamers) [1–9]. As for monoclonal antibodies,
RNA aptamers display remarkably high affinity and speci-
ficity for their target ligands. We are interested in exploit-
ing these properties to develop aptamers as probes of
intracellular processes that occur at the DNA and RNA
level. By introducing an aptamer sequence into a particu-
lar gene of interest, its corresponding transcript would
contain a functional aptamer that might allow identifica-
tion, characterization, purification and potentially modifi-
cation of the transcript.
Probes that generate fluorescent signals in the visible spec-
trum have proven remarkably useful for studying biological
processes both in vitro and in vivo. Fluorescence resonance
transfer experiments between pairs of immobilized fluo-
rophores have been used to probe the conformations of
macromolecules and macromolecular assemblies (reviewed
in [10,11]). RNA and DNA targets within fixed samples
can be efficiently visualized by in situ hybridization using
fluorescently labeled oligonucleotides (reviewed in
[12,13]). Fluorescent labeling of proteins by co-expression
with the green fluorescent protein domain makes it possi-
ble to track protein expression and localization in living
cells (reviewed in [14]). Griffin et al. [15] have recently
demonstrated that the introduction of cysteines at selected
positions in the face of an α-helical peptide tag creates a
specific reaction surface for a thiol-reactive fluorescent
probe, making it possible to label recombinant proteins in
vivo. At present, there is no corresponding method by
which recombinant RNAs or DNAs may be straightfor-
wardly tagged with fluorophores to enable their intracellu-
lar characterization by spectroscopic methods.
Here, we present the results of an in vitro selection experi-
ment designed to isolate fluorophore-binding RNA
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aptamers that would provide a means for tagging and
studying RNAs by fluorescence. RNA aptamers that
specifically recognize the fluorophores tryptophan and
flavin mononucleotide (FMN) have been reported previ-
ously but the suboptimal fluorescence characteristics of
their ligands and the fact that both are present at signifi-
cant concentrations in cells makes them unsuitable for
many biological applications [16–18]. We have instead tar-
geted selection experiments towards artificial xanthene-
based fluorophores, which exhibit high quantum yields
and possess excitation and emission maxima in the visible
wavelengths. Through this process, we have identified a
pair of RNAs that specifically recognize the fluorophore
sulforhodamine B. With the aim of ultimately engineering
these aptamers for both in vivo and in vitro applications,
we have probed both their tertiary structures and binding
specificities. A relatively large motif built upon a three-
way helical junction is responsible for binding by one of
the molecules. Subsequent mutagenesis of one of the
binders followed by re-selection has yielded a related
RNA with high specificity for fluorescein. As an initial in
vitro demonstration of their potential utility, we show that
the sulforhodamine and fluorescein aptamer pairs may be
used in double-labeling experiments to detect transcrip-
tion localization by their ability to sequester free fluo-
rophore floating in solution.
Results and discussion
SELEX
For the selection experiment we used a pool of RNAs 114
nucleotides in length with random sequence in the central
72 nucleotides. Practical and theoretical considerations for
pool design have been outlined previously [19]. Although
the sequence space of random 72-mers is poorly sampled
(specific sequences larger than 28 nucleotides are unlikely
to be present within the pool of 5 × 1014 molecules), the
large random region raises the likelihood that significant
secondary structure (and thus potentially tertiary struc-
ture) exists within any given molecule.
Seven rounds of selection for binding to sulforhodamine
(SR) agarose yielded an enriched set of SR aptamers. In
the final round, a pre-elution with 5 mM fluorescein was
carried out before eluting with sulforhodamine. This treat-
ment effectively partitioned the selected aptamer pool
into two roughly equal fractions, one specific and one non-
specific for sulforhodamine. Those molecules eluted only
by sulforhodamine were ethanol precipitated, applied
again to an SR agarose column and re-selected by the
double elution procedure. Sequences for molecules in this
final selected pool were determined as described above.
Two major clones, designated SRB-1 and SRB-2, domi-
nated the selected pool. Alkaline hydrolysis experiments
(described in the Materials and methods section) mapped
the binding domains in each clone to a defined region
indicated in Figure 1. Re-selection of functional clones
from randomized pools derived from a single aptamer
sequence has been used in several instances to define the
motifs responsible for binding [6,20–22]. In this vein, two
new doped pools based on each of these regions were pre-
pared, flanked either by constant primer-binding regions
together with an island of 12 completely random
nucleotides (SRB-1) or by constant primer-binding regions
alone (SRB-2). RNA corresponding to these two pools was
iteratively re-selected for binding to SR agarose and
amplified. When SR-binding RNAs dominated each pool,
individual molecules were cloned and sequenced. The
resulting collection of sequences from each pool was ana-
lyzed for conservation and co-variation. Results were dis-
tinctly different for the two aptamers (Figure 1).
Analysis of the re-selected clones from the SRB-1-based
pool failed to yield any useful information about the motif
responsible for binding in the SRB-1 aptamer. No regions
of primary sequence were well conserved and no obvious
covariation suggested secondary structure elements
(Figure 1). Interestingly, several independent clones were
distinguished by the presence of G-rich sequences in the
random spacer linked to the 3′ constant sequence. No
such sequence was present in the original SRB-1 clone,
suggesting that an alternative motif has been selected for
in the process of re-selection.
Analysis of the functional mutants from the SRB-2-based
pool, however, suggested that a three-way helical junction
containing two highly conserved unpaired segments was
responsible for SR-binding activity (Figure 2). Helix 1
(P1) consists of both 5′ and 3′ primer sequences and, as
such, sequence requirements for this helix could not be
assessed by analysis of the mutated clones. Interestingly,
the 5′ and 3′ boundaries of the binding domain defined by
alkaline hydrolysis map to either side of the same pro-
posed base pair in helix 1. None of the nucleotides in
either helix 2 (P2) or loop 2 (L2) were well conserved and,
as such, the in vitro phylogenetic analysis does not conclu-
sively prove their existence. The joining region between
helix 2 and helix 3 (J2/3) is very highly conserved, with
only one out of seven nucleotides accepting mutations in
all but one of the sequenced clones. The existence of
helix 3 (P3) is established by several instances of covaria-
tion, especially at the second base pair, in which a G·U
mismatch is frequently replaced by standard
Watson–Crick pairs (generally U:A). The loop at the end
of this helix (L3) is also extremely well conserved, with
eight out of ten positions being absolutely conserved
among the sequenced clones. The joining region between
helix 3 and helix 1 (J3/1) consists of a single virtually
invariant adenosine.
To test this model of SRB-2, we prepared a series of
variant RNAs in which regions of the aptamer sequence
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were either deleted or substituted. The effects of these
alterations were then assessed by measuring the fraction of
RNA that could be bound and eluted from an SR agarose
column. As shown in Figure 2, a variant that lacks helix 2 is
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Figure 1
SRB-1 and SRB-2 sequences. Doped pools based on the sequences
of the alkaline-hydrolysis-mapped domains of SRB-1 and SRB-2 were
prepared in the form shown on the top line of each panel. Following six
rounds of re-selection, sulforhodamine-binding sequences dominated
each pool, at which point individual clones were isolated and
sequenced. Dashes indicate conservation of the original SRB-1 or
SRB-2 sequence. (a) Multiple isolates of the same progenitor
molecule were obtained from the SRB-1 re-selected pool, indicating
that relatively few mutants in the doped pool were capable of binding.
(b) Analysis of the re-selected clones from the SRB-2-derived pool
clearly show conservation of a structural motif. The top line indicates
elements that make up the structure shown in Figure 2; 1, 2 and 3
indicate helices 1, 2 and 3, respectively, in SRB-2.
incapable of binding. In contrast, a variant in which helical
mismatches in the original aptamer are removed and the
original helix 2 replaced by a stable tetraloop-containing
hairpin are more efficiently retained on the SR column. In
addition to confirming the structural model for the SRB-2
aptamer, these experiments yield an optimized version of
the aptamer that binds with significantly higher efficiency
under standard conditions to the ligand.
The non-helical regions conserved in this aptamer are
unusually large in comparison to virtually all other
reported aptamers. An intriguing issue remains as to how
J2/3, L3 and J3/1 fold and possibly interact with each other
to create the sulforhodamine-binding site. Genetic analy-
sis of the re-selected mutants may provide insights into
this issue. The only instance of covariation within these
regions is observed in clone SRB-2-30 (the last sequence
in Figure 1b). U53 and A59, absolutely conserved in all of
the other sequences, are mutated in this clone to C53 and
G59. To test whether these nucleotides interact with each
other (possibly in a standard Watson–Crick sense), we pre-
pared the individual single site mutants U53→C and
A59→G as well as the double mutant in the context of the
minimal aptamer and measured their ability to bind SR
agarose. Although the double mutant binds with some-
what better efficiency than the wild type (+41%), binding
by both of the single mutants was severely disrupted
(U53→C down 49%; A59→G down 78%), arguing for a
required direct pairing between nucleotides 53 and 59.
In considering possible interactions between the different
non-helical regions, we find no statistically significant evi-
dence from covariation analysis. Virtually all of the
allowed mutations in J2/3 correspond to a U→A change at
position 56. The frequency of this mutation is approxi-
mately 60% higher than expected for a neutral mutation,
suggesting that the incorporation of A56 improves binding
efficiency. Similarly, most mutations in L3 correspond to a
G→C change at position 69, occurring roughly two and a
half times more frequently than expected for a neutral
mutation. Interestingly, the double mutant A56/C69, sta-
tistically expected to appear twice in the set of
30 sequences, is not seen. One possibility is that the
U56→A and G69→C mutations are individually favorable
but cannot be simultaneously incorporated because the
two sites interact directly. To test this possibility, we pre-
pared each of the single mutants and the double mutant in
the context of the optimized minimal aptamer and mea-
sured their efficiency of binding. Although the single
mutants both showed significant improvements in binding
relative to the wild type, binding by the double mutant
was essentially the same as wild type. The clear non-addi-
tivity of these mutations suggests that the two sites inter-
act with each other either directly or via the ligand.
Having defined the basic structure of the aptamer, it
remains to be shown how specific recognition occurs
between the RNA and the sulforhodamine ligand. For the
aptamer to be useful in practice, it must recognize sul-
forhodamine both tightly and specifically. The KD for sul-
forhodamine was determined both in solution and
following immobilization on a solid support. Fluorophore
binding to the aptamer causes minimal changes in fluores-
cence intensity but induces a significant increase in
steady-state fluorescence anisotropy (rising from
0.059 ± 0.003 in the absence of RNA to 0.254 ± 0.002 in
the presence of 20 µM RNA). The increase in fluorophore
anisotropy, presumed to result from the change in rota-
tional diffusion accompanying complex formation, may be
accurately modeled using a simple hyperbolic function.
From this data, a dissociation constant of 310 ± 60 nM may
be deduced. Direct measurements of binding affinity for
426 Folding & Design Vol 3 No 6
Figure 2
(a) Secondary structural model of SRB-2,
inferred from analysis of the re-selected
sequences. The shaded region corresponds
to highly conserved nucleotides. Variation
from the consensus sequence in the joining
and loop regions is indicated. Arrowheads
mark the boundaries of the minimal aptamer
defined by alkaline hydrolysis. (b) A minimal
aptamer based on the proposed structure
was prepared and assayed for binding to SR
agarose. More than 75% of applied RNA
bound to the column, an increase of
approximately 25% over that obtained for the
original SRB-2 aptamer. (c) A minimal
aptamer containing all of the highly conserved
nucleotides but lacking the poorly conserved
P2 region was prepared and assayed for
binding. Less than 2% of applied RNA bound
to the SR agarose column. 
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the immobilized ligand may be obtained by allowing trace
labeled aptamer RNA to equilibrate with 30 nM–4 µM SR
agarose and then measuring the fraction specifically
bound following rapid separation of bound and unbound
RNA (described in the Materials and methods section).
Using this technique, we obtain a dissociation constant for
immobilized ligand of 70 ± 10 nM. The difference
between solution and matrix measurements could result
from surface effects (potential cooperativity in binding at
the surface of the matrix) or, alternatively, reflect true dif-
ferences in binding between the immobilized ligand and
the free ligand (it is worth noting that the immobilized
sulfonamide form of the fluorophore lacks a negative
charge present in the solution sulfonate form). The origi-
nal selection conditions were chosen to be somewhat
physiological, mimicking intracellular concentrations of
monovalent and divalent cations such that aptamers iso-
lated from the pool could ultimately be used intracellu-
larly. The aptamer maintains high-affinity binding under a
wide range of salt and pH conditions as long as magne-
sium is present (data not shown).
To determine which parts of the ligand are functionally
important for binding, an assortment of sulforhodamine
analogs were assayed for the ability to competitively elute
SRB-2 minimal aptamer specifically bound to SR agarose.
Figure 3 summarizes the results for SRB-2 (qualitatively
similar results were obtained for SRB-1). Fluorescein and
Hoechst 2495, both of which contain the three-mem-
bered xanthene ring system common to sulforhodamine
B, are moderately good competitors although not as effec-
tive as sulforhodamine. Interestingly, xylene cyanole FF,
differing from SR largely by the absence of the bridging
oxygen in the xanthene ring system, is only a weak com-
petitive ligand, as are hydroxypyrene trisulfonic acid and
hydroxycoumarin carboxylic acid. All three of these com-
petitors are negatively charged aromatic compounds but
they lack the xanthene functionality. The inability of
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Specificity of binding to ligand analogs. Minimal SRB-2 aptamer was
applied to SR agarose, washed with ten column volumes of selection
buffer, and subsequently eluted with selection buffer containing
5 mM SR, 5 mM SR analog, or no additive. The amount of RNA eluted
by each elution protocol was determined by scintillation counting and
normalized to that specifically eluted by SR. Analogs were classified as
moderate-to-good competitors (25–100% elution), weak competitors
(5–25% elution), or very poor competitors (0–5% elution).
dichlorofluorescein digalactoside to elute may be attribut-
able to the bulky galactose substituents attached to the
xanthene hydroxyls, the tetrahedral configuration of the
bridging carbon in the center of the xanthene, or the
absence of a negatively charged carboxylate on the
attached phenyl ring. Benzene disulfonic acid, mimicking
the phenyl substituent of SR, is not an effective competi-
tor, suggesting that this part of the ligand does not play a
dominant role in binding.
Most surprising, perhaps, is the observation that tetra-
methylrosamine (TMR) is a very poor competitor, even
though it mimics sulforhodamine in virtually all respects.
Differences in the alkyl substituents on the xanthene
amines (dimethyl versus diethyl) seem unlikely to
account for TMR’s failure to bind, especially considering
that fluorescein competes moderately well for binding
and it lacks the corresponding alkyl groups altogether. In
contrast to all of the analogs that do competitively elute,
TMR is distinguished by its overall positive charge,
resulting in part from the absence of a sulfonate or car-
boxylate at the ortho-position of the attached phenyl
group. We conclude that high-affinity binding by the
aptamer requires simultaneous interaction with a planar
xanthene ring system and a negatively charged sulfonate
or carboxylate. Several previously characterized aptamers
have recognized negatively charged ligands (e.g. ATP,
biotin and assorted organic dyes) [1,4,22]. The binding
specificities of the ATP and biotin aptamers have been
characterized and the negatively charged functional
groups in their ligands are known not to play a role in
binding. Deletion of the triphosphate tail from ATP has
no effect on binding by the ATP aptamer and esterifica-
tion of the carboxylate tail of biotin actually improves
binding by the biotin aptamer [4,22]. Negative charge
recognition by an anionic receptor such as RNA would
seem to be a fundamentally difficult task. We speculate
that such recognition could come about if a divalent metal
simultaneously coordinates functional groups on both the
RNA and the ligand (also potentially explaining the
observed magnesium requirement for binding).
To map more clearly where ligand is bound within the
aptamer, an iodoacetamide-tagged form of fluorescein
(IAF, Figure 4a) was used to induce site-specific cleavage
of phosphorothioate-substituted RNA. Transcription of
the SR aptamer template using a mixture of ATP and
αS-ATP yields a population of molecules in which the
pro-Rp 5′-phosphate non-bridging oxygens of adenosines
are randomly replaced by sulfur. This substitution intro-
duces a reactive nucleophile which upon alkylation and
heating decomposes to effectively cleave the RNA back-
bone [23]. We reasoned that IAF, like fluorescein, would
serve as a sulforhodamine analog and bind specifically to
the aptamer’s ligand-binding pocket. Once bound, IAF
should preferentially alkylate adenosines in direct contact
with the ligand. Figure 4 shows the results from IAF
mapping of the SRB-2-based minimal aptamer. Alkylation
followed by heating at 65°C induces cleavage at three of
the 11 adenosines in the RNA, yielding a doublet of 5′-
labeled fragments at each site. A73 is clearly the preferred
alkylation site, with much weaker reactions occurring at
A54 and A59. This result corroborates the mutant analysis
in suggesting that J2/3 and L3 are folded to simultane-
ously interact with the fluorophore.
Fluorescein aptamers
To extend the range of potential applications of fluo-
rophore-specific aptamers, we used the doped pool of
RNAs based on the SRB-1 sequence as a starting point
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Figure 4
Phosphorothioate mapping of the substrate-binding site. (a) Structure
of 5-iodoacetamidofluorescein (IAF), used as a reactive ligand analog.
(b) Results of IAF reaction with phosphorothioate RNA. RNA with
~10% of adenosines (approximately one site/molecule) substituted by
adenosine phosphorothioate was incubated with or without (–) IAF and
induced to cleave at alkylation sites as described in the Materials and
methods section. Unsubstituted RNA was treated in parallel with IAF
or subjected to alkaline hydrolysis (AH). The three sites of preferred
reaction are numbered 1–3. (c) The sites of preferred reaction mapped
onto the secondary structure of the SRB-2 aptamer.
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for the in vitro selection of fluorescein-specific aptamers.
Reaction of fluorescein isothiocyanate with adipic acid
dihydrazide agarose yielded a resin for the affinity purifi-
cation of fluorescein-binding RNAs. Affinity selection
and enzymatic amplification was carried out as described
in the Materials and methods section for isolation of the
original SR aptamer. After seven rounds of selection, a
significant fraction of input sequences bound to fluores-
cein agarose and were affinity eluted. Selected molecules
were cloned into plasmids and individual aptamers were
assayed for binding to fluorescein and sulforhodamine
agarose. From this collection, one clone, FB-1, exhibited
high-efficiency binding to fluorescein and minimal cross-
binding to sulforhodamine (Figure 5).
Double labeling
A potential application of fluorophore aptamers is as
in vivo markers of gene expression and transcript localiza-
tion. To function in this capacity, aptamers must be able
to efficiently sequester fluorophore floating free in solu-
tion at low concentrations and effectively concentrate it by
binding. The availability of aptamers that are specific for
either fluorescein or sulforhodamine should allow double-
labeling experiments in which two tagged transcripts are
simultaneously analyzed for expression and co-localiza-
tion. As a straightforward in vitro test of this strategy, we
immobilized 5′-end biotinylated SRB-2 RNA and FB-1
RNA on separate streptavidin beads and tested their
ability to selectively concentrate the appropriate fluo-
rophore. Microscope slides were prepared with a 1:1
mixture of SRB-2 and FB-1 beads and incubated with
125 nM fluorescein and 100 nM sulforhodamine (deter-
mined to give the optimal signal-to-noise ratio). No spe-
cific fluorescence signal was observed with samples
lacking biotinylated RNA (data not shown).
Results indicate that beads labeled with the two
aptamers were able to discriminate between sulforho-
damine and fluorescein and selectively sequester the
appropriate fluorophore to the corresponding bead
(Figure 5). In the presence of both fluorophores, roughly
half the beads fluoresce with the FITC filter and not the
Texas red filter, as expected for beads carrying the FB-1
aptamer. All beads appear to fluoresce when visualized
using the FITC filter, due in large part to rhodamine
bleed-through (spectral overlap of fluorescein and rho-
damine allows emission from both fluorophores to pass
through the dichroic mirror of the filter block). As a
result, in double exposures, FB-1-labeled beads appear
green and SRB-1-labeled beads appear yellow. It is pos-
sible that some fraction of the green fluorescence associ-
ated with SRB-1 beads is due to cross-binding of
fluorescein (Figure 5b). Control experiments with iso-
lated SRB-1 beads visualized by confocal microscopy
indicate, however, that in the presence of equal concen-
trations of fluorophores, extremely low levels of fluores-
cein are bound. These results demonstrate that the
aptamers can selectively discriminate and localize free
fluorophore at low concentrations, potentially allowing
in vivo double-labeling and fluorescence resonance
energy transfer experiments.
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Figure 5
Fluorescein aptamer specificity and double labeling. (a) Sequence of
FB-1, an aptamer selected for binding to fluorescein. (b) Comparison
of sulforhodamine aptamer (minimal SRB-2) and fluorescein aptamer
(FB-1) binding to either sulforhodamine (SR) agarose or fluorescein (F)
agarose. Binding was assayed as described in the Materials and
methods section. (c) Beads labeled separately with biotinylated SRB-2
aptamer or FB-1 aptamer were mixed together and co-incubated with
sulforhodamine and fluorescein. BF, bright field view of the
streptavidin—agarose beads. F, HQ–FITC–LP filter, which yields
fluorescent signal with both fluorescein-based and (to a lesser extent)
rhodamine-based fluorophores. R, Texas-red–LP filter, which yields
fluorescent signal exclusively with rhodamine derivatives. F/R, double
exposure with both filter blocks.
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Significance
We have isolated RNA aptamers that tightly and specifi-
cally recognize the fluorophores sulforhodamine and fluo-
rescein. Detailed characterization of the SR aptamer has
revealed its basic secondary structure and helped to define
the general organization of its ligand-binding site. The
extended aromatic xanthene ring system and, surprisingly,
a negatively charged sulfonate on sulforhodamine appear
to be the major determinants for binding. Phosphoroth-
ioate mapping using an iodoacetamide derivative of the
ligand, a potentially general technique for mapping
binding sites on RNAs, has been used to confirm the
results of in vitro phylogenetic and site-directed muta-
tional analysis. A simple in vitro test suggests that the pair
of aptamers may be useful for simultaneously detecting
the existence and localization of tagged transcripts.
Aptamers capable of specifically recognizing fluorophores
may be particularly well suited for a variety of in vivo and
in vitro applications. If expressed intracellularly, a fluo-
rophore aptamer could effectively co-localize fluorophore
with its attached transcript, producing a readily detectable
intracellular signal that would be indicative of both the
expression and localization of the transcript. Doing so, it
would function at the RNA level in essentially the same
way as green fluorescent protein domains have been used
to follow protein expression. Pairs of aptamers specific for
different fluorophores might be used to simultaneously
analyze the expression or localization of multiple tran-
scripts. With an appropriate pair of fluorophores and corre-
sponding highly specific aptamers, separate transcripts
may be labeled to enable fluorescence resonance energy
transfer measurements. From such experiments, it should
be possible to obtain information about the relative prox-
imity of the two tagged RNAs at the nanometer scale
(similar approaches at the protein level with GFP variants
are now being explored [24]). Fluorophore-specific
aptamers would also serve as a logical starting point for the
evolution of ribozymes capable of utilizing fluorigenic
substrates; such ribozymes could be readily introduced
into diagnostic assays, possibly coupled directly with
PCR-based detection methods.
Materials and methods
Materials
A pool of 5 × 1014 random DNA molecules with the general sequence
AACACTATCCGACTGGCACC-N72-CCTTGGTCATTAGGATCCCG
was obtained from a 2 µmole solid phase synthesis as described previ-
ously [25]. In vitro transcription with T7 RNA polymerase yielded a col-
lection of RNA molecules for subsequent affinity purification.
Sulforhodamine (SR) agarose was prepared by reaction of lissamine B
sulfonyl chloride (Molecular Probes) with adipic acid dihydrazide
agarose. The concentration of immobilized fluorophore was estimated
spectrophotometrically to be ~1 mM (it should be noted that the immo-
bilized fluorophore concentration varied from batch to batch and that
corresponding differences in the binding efficiency of aptamers were
observed). Sulforhodamine analogs were obtained from Molecular
Probes and Aldrich Chemical Company.
SELEX
Specific SR-binding RNAs were obtained by multiple rounds of affinity
chromatography at room temperature followed by in vitro amplification.
Random pool RNA was resuspended at ~10 µg/ml (320 µg/ml in the
first round) in selection buffer (100 mM KCl, 5 mM MgCl2, 10 mM Na-
HEPES, pH 7.4). A 500 µl SR agarose column was pre-blocked and
equilibrated with 10 µg tRNA in selection buffer. Random pool RNA
was applied to an adipic acid dihydrazide pre-column (to select against
non-specific binders) which ran directly then onto the SR agarose
column. In the initial round, 165 µg of RNA, equivalent to approximately
six genomes of the random pool, was used. RNA was allowed to bind
for 5 min and was then washed with 15 column volumes of selection
buffer. The pre-column was removed after three column washes (sub-
sequent washes were directly applied to the SR agarose column). Spe-
cific SR-binding RNAs were obtained by washing with five column
volumes of elution buffer (selection buffer + 3 mM SR). The resulting
RNA eluate was ethanol precipitated together with carrier glycogen
and then amplified. Amplification was achieved by reverse transcription
with the 3′ primer 5′-CGGATCCTAATGACCAAGG-3′ and Super-
script II reverse transcriptase (Gibco/BRL), followed by PCR amplifica-
tion with the 5′ primer 5′-TTCTAATACGACTCACTATAGGAAC
ACTATCCGACTGGCACC-3′ and Taq DNA polymerase. PCR
product was ethanol precipitated, resuspended in water and added to
an in vitro T7 RNA polymerase transcription reaction containing [α-
32P]UTP. The resulting labeled RNA product was gel purified prior to
use in the subsequent round of selection. Binding to the SR column
was assessed by counting individual fractions with a scintillation
counter. Counts in the elution fractions were scaled by a correction
factor that compensates for the effect of SR on the efficiency of detec-
tion of Cerenkov radiation.
Aptamer characterization
The complexity of the final selected pool was determined by restriction
analysis as described previously [26]. Briefly, end-labeled dsDNA corre-
sponding to the final selected pool was digested to completion with an
assortment of restriction enzymes with four base recognition sequences
and then analyzed by electrophoresis. The number of discrete labeled
fragments is statistically related to the number of dominant species in
the pool. To obtain complete sequence information for individual mole-
cules within the pool, the double-stranded DNA form of the final
selected pool was ligated with the TA cloning vector and transformed
into Escherichia coli. Plasmids corresponding to individual clones were
isolated using an alkaline lysis miniprep protocol and sequenced
directly by the Sanger method. RNA corresponding to individual
sequences within the pool was obtained by PCR amplification of puri-
fied plasmid templates, followed by in vitro transcription. Binding effi-
ciency to sulforhodamine was measured using SR agarose affinity
chromatography as described above for isolation of individual aptamers.
KD determination
Binding constants for immobilized ligand were determined by the fol-
lowing procedure. 5 µl aliquots of diluted SR agarose were equilibrated
for 20 min with 5–2000 µl selection buffer containing a constant, trace
amount of radioactively labeled aptamer. The dilute suspension was
cooled on ice, transferred to a Costar spin-X filter and spun for 20 s at
4°C at 14,000 rpm. The agarose beads were subsequently washed
with 100 µl ice-cold selection buffer and specifically-bound RNA eluted
by incubation with 150 µl elution buffer. Nonspecific binding (generally
<1%) was determined in parallel by measuring the radioactivity in
samples containing unreacted adipic acid dihyrazide agarose rather
than SR agarose. The fraction of specifically bound RNA was calcu-
lated by subtracting the fraction of SR-eluted counts on the control
agarose from that on the SR agarose. The concentration of aptamer-
accessible ligand on the packed beads (330 µM) was determined by
measuring the amount of unlabeled aptamer RNA required to inhibit
50% binding of trace labeled RNA. The amount of aptamer bound as a
function of ligand concentration (accessible packed bead concentra-
tion corrected for dilution) was fit by a non-linear least squares method
using Kaliedagraph (Abelbeck Software) to a function of the form:
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% bound = f × [SR] / (KD + [SR]), where f is the fraction of RNA prop-
erly folded, [SR] is the accessible immobilized fluorophore concentra-
tion, and KD is the dissociation constant for binding immobilized ligand.
Binding in solution was assessed by measuring the aptamer-induced
change in fluorophore anisotropy as increasing amounts of RNA
(0→20 µM) were added to a limiting concentration of sulforhodamine
(initially 25 nM). Fluorophore and RNA were pre-equilibrated in stan-
dard binding buffer. RNA was added to the SR in increments and
allowed to equilibrate for 5 min before measuring fluorescence
anisotropy using a LS-50B Perkin-Elmer fluorimeter. Fluorescence was
measured at 25°C with λex = 565 nm, λem = 584 nm, 5 s signal integra-
tion. After correcting for dilution effects, the binding constant was
determined by least squares fitting to a simple hyperbolic curve as
described above.
Mapping the aptamer binding site
RNA was prepared by transcription with αS-ATP (1:10 ratio of αS-
ATP:ATP). Following gel purification and resuspension in selection
buffer, randomly thio-substituted RNA was incubated with or without
1 mM IAF for 20 min. Gel loading dye (8 M urea, 1 mM EDTA, trace
bromophenol blue) was added and the sample heated to 65° to induce
strand cleavage at backbone phosphorothioates that had undergone
alkylation. Samples were then immediately analyzed on a 20% denatur-
ing polyacrylamide gel. Separate reactions with iodoethanol induced
reaction at all adenosine sites, providing a sequencing ladder for site-
specific assignment of IAF-generated fragments.
Double labeling by fluorescence microscopy
RNAs were 5′-end thiolated by in vitro transcription with guanosine
phosphorothioate (α-thio-GMP). Following gel purification, RNA was
biotinylated by a 4 h incubation with 500 µM N-(biotinoyl)-N′-
(iodoacetyl)-ethylenediamine (BIE), and purified by ethanol precipita-
tion. 5′-end-biotinylated aptamers were then immobilized on strepta-
vidin agarose beads (Pierce), washed free of non-biotinylated RNA,
and used immediately in fluorescence experiments.
Beads were equilibrated in selection buffer and transferred as a con-
centrated slurry to a microscope slide. Excess buffer was wicked away
and the beads were immersed in fluorophore-containing buffer. A glass
coverslip was applied and sealed prior to viewing on a Ziess Axioskop
fluorescence microscope. Filter blocks HQ–FITC–LP (excitation
455–500 nm, emission 510+ nm) and Texas–red–LP (excitation
560–595 nm, emission 645+ nm) were used to visualize fluorescein
and sulforhodamine fluorescence respectively.
Acknowledgements
This work was supported by grants from the NIH (GM52707) and the
Packard Foundation to C.W. and by a grant from Hoechst AG to the
Department of Molecular Biology, MGH (J.S.). We thank the laboratory of Y.
Jin for assistance with the fluorescence microscopy.
References
1. Ellington, A.D. & Szostak, J.W. (1990). In vitro selection of RNA
molecules that bind specific ligands. Nature 346, 818-822.
2. Tuerk, C. & Gold, L. (1990). Systematic evolution of ligands by
exponential enrichment: RNA ligands to bacteriophage T4 DNA
polymerase. Science 249, 505-510.
3. Bock, L.C., Griffin, L.C., Latham, J.A., Vermaas, E.H. & Toole, J.J.
(1992). Selection of single-stranded DNA molecules that bind and
inhibit human thrombin. Nature 355, 564-566.
4. Sassanfar, M. & Szostak, J.W. (1993). An RNA motif that binds ATP.
Nature 364, 550-553.
5. Jenison, R.D., Gill, S.C., Pardi, A. & Polisky, B. (1994). High-resolution
molecular discrimination by RNA. Science 263, 1425-1429.
6. Lorsch, J.R. & Szostak, J.W. (1994). In vitro selection of RNA
aptamers specific for cyanocobalamin. Biochemistry 33, 973-982.
7. Huizenga, D.E. & Szostak, J.W. (1995). A DNA aptamer that binds
adenosine and ATP. Biochemistry 34, 656-665.
8. Ciesiolka, J., Gorski, J. & Yarus, M. (1995). Selection of an RNA
domain that binds Zn2+. RNA 1, 538-550.
9. Geiger, A., Burgstaller, P., von der Eltz, H., Roeder, A. & Famulok, M.
(1996). RNA aptamers that bind L-arginine with sub-micromolar
dissociation constants and high enantioselectivity. Nucleic Acids Res.
24, 1029-1036.
10. Lankiewicz, L., Malicka, J. & Wiczk, W. (1997). Fluorescence
resonance energy transfer in studies of inter-chromophoric distances
in biomolecules. Acta. Biochim. Pol. 44, 477-489.
11. dos Remedios, C.G. & Moens, P.D. (1995). Fluorescence resonance
energy transfer spectroscopy is a reliable “ruler” for measuring
structural changes in proteins. Dispelling the problem of the unknown
orientation factor. J. Struct. Biol. 115, 175-185.
12. Wolman, S.R. (1997). Applications of fluorescence in situ
hybridization techniques in cytopathology. Cancer 81, 193-197.
13. Mak, J.C. & Barnes, P.J. (1997). In situ hybridization. Methods Mol.
Biol. 83, 81-89.
14. Cubitt, A.B., Heim, R., Adams, S.R., Boyd, A.E., Gross, L.A. & Tsien,
R.Y. (1995). Understanding, improving and using green fluorescent
proteins. Trends Biochem. Sci. 20, 448-455.
15. Griffin, B.A., Adams, S.R. & Tsien, R.Y. (1998). Specific covalent
labeling of recombinant protein molecules inside live cells. Science
281, 269-272.
16. Lauhon, C.T. & Szostak, J.W. (1995). RNA aptamers that bind flavin
and nicotinamide redox cofactors. J. Am. Chem. Soc. 117, 1246-
1257.
17. Burgstaller, P. & Famulok, M. (1994). Isolation of RNA aptamers for
biological cofactors by in vitro selection. Angewandte Chemie-
International Edition In English 33, 1084-1087.
18. Famulok, M. & Szostak, J.W. (1992). Stereospecific recognition of
tryptophan agarose by in vitro selected RNA. J. Am. Chem. Soc. 114,
3990-3991.
19. Wedel, A.B. (1996). Fishing the best pool for novel ribozymes. Trends
Biotechnol. 14, 459-465.
20. Burgstaller, P., Kochoyan, M. & Famulok, M. (1995). Structural probing
and damage selection of citrulline- and arginine-specific RNA
aptamers identify base positions required for binding. Nucleic Acids
Res. 23, 4769-4776.
21. Prudent, J.R., Uno, T. & Schultz, P.G. (1994). Expanding the scope of
RNA catalysis. Science 264, 1924-1927.
22. Wilson, C., Nix, J. & Szostak, J.W. (1998). Functional requirements for
specific ligand recognition by a biotin-binding RNA pseudoknot.
Biochemistry 37, 14410-14419.
23. Gish, G. & Eckstein, F. (1988). DNA and RNA sequence
determination based on phosphorothioate chemistry. Science 240,
1520-1522.
24. Mitra, R.D., Silva, C.M. & Youvan, D.C. (1996). Fluorescence
resonance energy transfer between blue-emitting and red-shifted
excitation derivatives of the green fluorescent protein. Gene 173,
13-17.
25. Wilson, C. & Szostak, J.W. (1995). In vitro evolution of a self-alkylating
ribozyme. Nature 374, 777-782.
26. Ellington, A.D. & Szostak, J.W. (1992). Selection in vitro of single-
stranded DNA molecules that fold into specific ligand-binding
structures. Nature 355, 850-852.
Research Paper Fluorophore-specific RNA aptamers Holeman et al.    431
Because Folding & Design operates a ‘Continuous Publication
System’ for Research Papers, this paper has been published
on the internet before being printed. The paper can be
accessed from http://biomednet.com/cbiology/fad — for
further information, see the explanation on the contents pages.
